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Nevertheless,  specific  application  should  be  taken  into  account  in 
order  to  test  the  lithium  systems  limns  with  respect  to  the  others. 
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standing  of  the  point  id^view  of  fit  LdM.  about  its  compounds. 
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A  NEW  CLASS  OF  ROOM  TEMPERATURE  MOLTEN  SALTS 
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J.  Williams,  B.  Piersma,  L  King,  and  R.  Vaughn 
The  Frank  J.  Seiler  Research  Laboratory 
USAF  Academy,  Colorado  80840 


Introduction 

One  of  the  particularly  useful  applications  of  molten  salts  is  as 
the  electrolyte  for  high  energy  density  battenes.  Unfortunately,  ele¬ 
vated  temperatures  are  usually  required  to  maintain  the  salt  in  the 
liquid  state  and  in  general,  the  higher  the  operating  temperature,  the 
greater  the  problems  associated  with  the  battery  system.  As  a  result, 
much  work  has  been  directed  towards  developing  thermal  batteries 
with  lower  operating  temperatures . 

Along  these  lines,  the  goal  of  our  research  is  to  develop  low- 
melttng  salts  suitable  for  use  as  battery  electrolytes.  Our  approach 
to  this  goal  has  three  steps:  first,  synthesize  the  materials  which 
comprise  the  molten  salt:  second,  determine  the  physical  and  elec¬ 
trochemical  properties  of  the  molten  salt:  and  third,  construct  elec¬ 
trochemical  cells  which  demonstrate  the  feasibility  of  using  the  mol¬ 
ten  salt  as  an  electrolyte.  Our  research  into  these  new  molten  salts 
is  the  subject  of  this  paper. 

Results  and  O  scussion 

Mixtures  of  inorganic  salts  such  .  ■  ■'  ose  historically  used  in  tlici- 
mal  batteries  require  high  temperatures  to  maintain  the  mixture  in 
the  liquid  state,  even  around  eutectic  points.  However  when  certain 
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organic  salts  were  mixed  with  an  inorganic  salt,  the  melting  points 
were  lower.  Indeed,  mixtures  of  some  1-alkylpyridinium  chlorides 
and  aluminum  chloride  were  molten  at  room  temperatures  (1).  Fur- 
ihcr.  tlie  electrochemistry  of  that  melt  was  somewhat  promising,  with 
one  major  exception:  the  alkylpyridinium  cation  was  too  easily  re¬ 
duced.  To  combat  this  problem,  we  used  a  semiempincal  molecular 
orbital  calculation  to  screen  a  variety  of  large  organic  cations, 
searching  for  those  that  would  not  be  readily  reduced  in  a  melt.  The 
search  revealed  the  alkyl imtdazolium  salts  to  be  attractive  candidates 
for  producing  chloroaluminate  melts  (2).  Further,  these  salts  could 
easily  be  synthesized  from  commercially  available  starting  materials 
(3).  The  jlkvlimidazolium  chlorides  studied  are  shown  below: 
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I-methy!  3-ethylimidazolium  chloride  t.MeEtlmCIl  was  selected 
as  (he  baseline  for  detailed  study,  as  it  was  particularly  easy  to  pre¬ 
pare.  and  was  found  to  form  chloroaiuminate  melts  with  very  desir¬ 
able  properties.  The  preparation  of  the  chloroaiuminate  melts  in¬ 
volved  simply  mixing  the  R,R,R]iniidazolium  chloride  with  aluminum 
chloride 

R,R,R,ImG  +  AlClj—  R,R,Rjlm*  -  Cl'  +  AIG,*  -  Al,Or 

Combining  the  two  white  solid  salts  yields  a  clear,  slightly  viscous 
liquid  that  contains  only  ionic  species.  All  of  the  negatively  charged 
species  shown  on  the  right  side  of  the  equation  are  present  in  the 
chloroaiuminate  melt,  but  (heir  relative  proportions  depend  on  the 
ratio  of  AIG,  and  R,R,RjlmCI  used  in  the  preparation.  As  we  shall 
see  below,  the  physical  and  electrochemical  properties  of  the  melt 
are  highly  dependent  on  the  relative  proportions  of  ingredients. 

In  characterizing  a  melt,  the  first  step  is  to  determine  its  physical 
properties.  Thus  for  AIGj  +  MeEtlmCI  (the  base  line  melt),  melting 
points  were  measured  for  many  different  compositions  ranging  from 
30  to  67  mol  percent  AIG,.  Similar  compositions  were  used  in 
measuring  densities,  viscosities,  and  conductivities  of  the  baseline 
melt  over  the  temperature  range  of  approximately  lCW.-l  */(Kl°C. 

Figure  I  is  a  liquid-solid  phase  diagram  for  MeEtlmCI  -  AICI,  as 
a  function  of  AICI,  content.  Note  (hat  at  room  temperature  ten.  25°C). 
the  melt  is  liquid  from  about  30  to  67  A1G,.  Also  note  that  in  two 
regions,  the  liquid  state  is  maintained  down  to  -72°C  and  -98°C. 
This  is  where  only  glass  transitions  occurred,  and  true  freezing  could 
not  be  induced. 

Figure  2  shows  the  density  of  the  MeEtlmG  f  A1G,  melt  as  a 
function  of  temperature.  The  densities  range  from  about  1.1  to  1.4 
gm/ml.  increasing  monotonicaily  with  increasing  A1G,  content  and 
linearly  with  decreasing  temperature. 

Figure  3  shows  the  absolute  viscosity  as  a  function  of  tempera¬ 
ture  for  melts  comprised  of  AIG,  and  MeEtlmG  in  varying  ratios. 
The  absolute  viscosities  of  alt  the  melts  are  rather  large,  ranging 
from  70  to  700  centipoise.  Furthermore,  the  viscosity,  while  a  strong 
function  of  composition  in  the  basic  (organic  rich)  region,  is  almost 
insensitive  to  composition  in  the  acidic  (AIG,  rich)  region. 

Figure  4  shows  the  dependence  of  specific  conductivity  of  AICI, 
MeEtlmG  melts  on  composition  and  on  temperature.  The  data 
show  the  specific  conductivity  is  somewhat  lower  than  is  typical  of 
molten  salts:  however,  most  molten  sails  are  at  significantly  higher 
temperatures,  so  when  allowance  is  made  for  the  lower  temperatures 


0.0  0.2  0.4  0.6  0.0  1.0 


MOLE  FRACTION  AICI, 

Fig.  1.  Liquid- solid  phase  diagram  for  M«EtlmCI-AICI, 
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Fig.  2.  Dependence  of  density  on  MsEtfmCl-AlCI,  melt 
composition. 
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Fig.  3.  Dependence  of  absolute  viscosity  on  dlalky- 
limidazollum  chloride  AID,  melt  composition  and  temper¬ 
ature. 

of  (he  aikylimidazolium  chloroaiuminate  melt*,  the  specific  conduc¬ 
tivity  is  in  the  range  expected.  Indeed,  the  specific  conductivity 
monotonicaily  increases  as  the  temperature  increases.  Also,  the  data 
indicate  that  as  the  AIG,  moi  fraction  is  changed,  the  specific  con¬ 
ductivity  is  a  maximum  at  cqimolar  melts,  falling  off  more  rapidly 
in  the  basic  (organic  rich)  region. 

In  .idditum  10  the  measurements  on  the  baseline  melt,  we  mea¬ 
sured  likewise  the  physical  properties  of'  33.  50.  and  66  info  AIG, 
nu  lls  u  nli  most  of  the  remaining  aikylimidazolium  chlorides  shown 
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Fig.  4.  Dupundencu  of  specific  conductivity  on  Me- 
EtlmCI-AICI]  molt  composition  and  tamporatura. 

before.  The  melting  points,  densities,  viscosities,  and  conductivities 
of  these  other  melts  were  found  to  follow  the  trends  shown  above 
for  the  baseline  melts. 

While  the  physical  properties  discussed  above  ate  invaluable  to 
the  undemanding  of  the  nature  of  the  melts,  even  more  important  is 
an  understanding  of  the  electrochemical  behavior  of  the  melts.  The 
initial  work  in  the  electrochemical  study  used  cyclic  voltammetry  to 
examine  the  electrochemical  window.  The  electrochemical  window 
is  that  region  of  potential  in  which  no  significant  electrode  reaction 
occurs  (arbitrarily  defined  as  when  the  current  is  less  than  3  mA). 
and.  thus,  is  the  usable  potential  span  of  the  melt.  The  cydovoltam- 
meiric  study  of  the  RiRtRjlmG  -t-  A1G,  melts  showed  large  electro¬ 
chemical  windows,  ranging  from  2.40  to  2.65V  in  the  acidic  (AlGj 
rich)  melts  and  from  2.57  to  2.82  in  the  basic  (organic  rich)  melts, 
using  a  glassy  carbon  electrode.  (In  all  the  electrochemical  experi¬ 
ments  with  the  melts,  the  reference  electrode  was  an  aluminum  wire 
in  a  60  m/o  AlGj  baseline  melt.)  To  see  the  effects  of  different 
electrodes,  twenty  one  electrodes  were  examined  for  stability  in  the 
baseline  (MeEtlmG  +A1Gj)  melt;  the  three  electrodes  having  the 
greatest  stability  and  their  electrochemical  windows  (in  volts)  in  basic 
and  acidic  melt  were  (i)  glassy  carbon.  2.57  and  2.43;  (it)  tungsten. 
1.70  and  2.48;  and  (iff)  Ta/20%Ru.  2.95  and  2.40. 

The  next  step  was  to  study  the  electrochemical  behavior  of  var¬ 
ious  cations  added  to  the  baseline  melt.  The  chloride  salts  of  twenty 
five  cations  were  surveyed  in  the  MeEtlmG  +  AiCIj  melts  using  cy¬ 
clic  voltammetry.  For  the  purpose  of  developing  batteries,  the  cations 
which  exhibit  reversible  oxidation-reduction  behavior  closest  (o  the 
anodic  limit  of  the  melts  are  the  more  desirable  and  merit  further 
study.  The  relative  positions  of  the  cations  in  this  respect  can  be 
conveniently  displayed  by  Em.  the  sum  of  the  potential  of  the  cath¬ 
odic  and  the  anodic  peak  divided  by  2.  In  the  acidic  baseline  melt 
(which  has  an  anodic  limit  of  2.35V).  the  three  cations  having  the 
largest  Em  were  Fe4*.  2.22V;  Mo4*.  2.07V;  and  Cus*.  1.98V. 
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Fig.  S.  Discharge  curgn  of  an  Aff/FeCtj  cell. 


Similarly  in  the  basic  baseline  melt  (anodic  limit  =  1.00V),  the  three 
largest  E,„  values  were  W*\  0.62V;  MoJ*.  0.31V;  and  Fe1*.  0.30V. 
These  results  have  been  used  to  select  cations  for  more  detailed  stud- 
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Hie  goal  of  this  research,  as  mentioned  earlier,  is  to  develop  low;, 
melting  salts  suitable  for  use  as  battery  electrolytes.  Thus,  the  fe*c 
sibility  of  battery  cells  using  the  newly  developed  electrolytes  musg 
be  demonstrated.  ° 

To  design  a  cell  property,  more  electrochemical  experiments  mus6 
be  performed  on  potential  cathodes  and  anodes  in  the  melts.  Never-j 
theiess,  we  constructed  a  prototype  battery  cell  using  an  aluminum^ 
anode  and  an  iron!  I II)  chloride  cathode.  The  anode  was  simply  £, 
disk  of  aluminum:  the  cathode  was  FeGs  in  electrical  contact  wid^ 
a  tungsten  collector.  The  melt  (60  m/o  MeEtlmG.  40  m/o  AlGjk  _ 
combined  with  an  equal  volume  of  benzene  served  as  both  the  aiF* 
oiyte  and  the  cathoiytc.  (Benzene  is  soluble  in  the  melt,  but  causes 
the  FeGj  to  become  insoluble  in  the  melt.)  The  anode  and  cathode 
compartments  were  separated  by  a  fine-porosity  glass  frit.  This  cell 
design  is  clearly  not  optimal,  either  chemically  or  mechanically.  Fig. 

5  shows  a  discharge  curve  at  constant  current  for  the  crude  cell.  The 
discharge  is  quite  flat,  dropping  sharply  when  the  Fe(IID  is  depleted. 
This  is  the  first  true  molten  salt  battery  dut  operates  as  low  as  20°C. 

This  cell,  although  not  optimized,  does  constitute  a  proof-of- 
concept,  and  is  an  important  milestone  in  our  effort  to  develop  an 
ambient-temperature  rechargeable  molten  salt  battery.  In  the  future, 
our  efforts  will  include  a  systematic  study  to  develop  a  prototype 
celt  which  will  demonstrate  the  feasibility  of  using  the  chloroalumi- 
naie  melts  as  battery  electrolytes. 
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